AbsYracG In multiple-input multiple+utpnt (MIMO) systems the horizontal orientation of a linear array has. in some situations, a large influence on the available channel capacity. In this paper we investigate the effect of horizontal array orientation on channel capacity, eigenvalue distribution and antenna complex correlation coefficient in such systems. We present channel measurements in an office corridor environment for a 6 x 6 MIMO system and compare the capacity results to those of a physical and non-physical model based on the measurements. The results show that under LOS conditions the channel capacity can vary significantly depending on the receiver array orientation in the horizontal plane.
I. INTRODUCTION
Large capacity gains in wireless systems can be achieved by using multiple antennas at the receiver and the transmitter [I] [2] [3]. These so called multiple-input multiple-output (MIMO) systems are therefore of great interest to the wireless industry. During the recent years, numerous investigations of the channel capacity have been performed to find out how the capacity is affected by, e.g., antenna correlation [4] , antenna configuration [5] , array size, etc. Measurement campaigns have been carried out to verify the theoretical results and to find realistic MIMO channel models [6] [7] [8]. The effects of the vertical array orientation on channel capacity has been studied for different indoor propagation environments in [9] , where the corresponding antenna correlation coefficients were presented.
In this paper we study the effect on the capacity when the receiving array is rotated in the horizontal plane. The differences in the capacity are measured in an indoor corridor environment with a center frequency of 5.475 GHz. We investigate the eigenvalue distribution and the antenna correlation coefficient for the different orientations to explain the differences in capacity. The measured capacities are also compared to results from a physical model derived from estimated direction of arrival (DOA) and direction of departure (DOD) , and a statistical model based on the measured antenna correlations.
The paper is arranged as follows: In Section II the measurement setup is described. Next, in Section Ill, we review some aspects of the channel capacity and its derivation from measured channel transfer function matrices, and describe the capacity results we obtained in our measurement. In Section IV we then study the DOA and DOD. Finally, in Section V, we compare the measurements results with the two models and present the conclusions in Section VI.
MIMO C H A N N E L MEASUREMENTS
The measurements are performed with a vector network analyzer (Rohde & Schwartz ZVC) and virtual arrays at both transmitter and receiver. The environment in which the antennas are located is a 100 m long and 2 m wide cnmdor with cnncrete walls and offices lined up on both sides, see 
C H A N N E L CAPACITY

A. Theav
In the paper we consider the capacity for a single link in a flat-fading channel. The input-output relation of the MlMO system is described by r = Hs + n, NT is the number of receive and transmit antenna elements respectively, and finally n is a vector whose entries are complex uncorrelated white Gaussian noise samples with variance U ' , If the transfer matrix, H, is known at the transmitter and receiver side it can be transformed into a number of independent Gaussian channels referred to as eigenmode channels [3] . H is normalized as E llHllF -NUNT. The power gains of the eigenmode channels are given by the eigenvalues X r of the correlation matrix H H~ T .
.'I- In order to evaluate the performance of different receiver amay directions, we use the normalized channel capacity (in b i t s l a z ) . For the IC :th eigenmode channel it can be expressed
where p, denotes the power transmitted on the Xi, eigenmode channel, and u2 is the power of the white Gaussian noise.
The total normalized MIMO channel capacity for a flat fading MIMO channel is then
The channel capacity depends on the power allocation between the eigenmode channels. In this paper, uniform power allocation is considered, i.e., pk = $. Additional capacity gains from waterfilling is evaluated in [Ill, and not considered in this paper.
B. Capacily measuremenf results
We calculate the capacity for the different channel realizations using the measured transfer function matrices. In Fig. 2 the mean capacities for different m y sizes (Nn = NT) is shown. Due to the estimated measured SNR of 19 dB, the capacities are evaluated at a smaller SNR, namely 15 dB. For comparison putposes the capacities for an independent identically distributed (i.i.d.) Gaussian channel, and the capacity for a pure, non-scattering, LOS channel are also plotted.
From this plot, we can make the following observations:
. As expected, the prcsence.of strong LOS results in a capacity gain that is lower than that of the i.i.d. Gaussian channel [12] .
. The capacity increases linearly with the number of antenna elements, indicating that there is a sufficient number of strong MPCs providing independent transmission paths for different data streams.
. We measure a significant difference between the capacities achieved by parallel and perpendicular arrays. The perpendicular array results in a higher capacity gain than the parallel array. We conclude that for deterministic channels, with a strong LOS and small angular spread, the horizontal orientation of the receiver antenna array can make a significant difference in the channel capacity gain. The possible reasons for this observation will be discussed in the next section. 
Mean capacity for different array sizes (NR = NT) evaluated at a
It is also interesting to study the eigenvalues of the channel matrix, as it totally describes the channel capacity. In Fig. 3 we plot the mean of the ordered eigenvalues of the i.i.d. channel, and of the parallel and perpendicular orientation of the measured channel. It can be seen that with the array perpendicular to the LOS the eigenvalues are more evenly distributed. This explains the larger capacity for this case. The eigenvalue distribution is of course also affected by the correlation of the transfer functions between the antenna elements. Since we have a strong LOS component the correlations are rather large.
The transmit and receive complex correlation matrices for the two orientations are estimated,.with a magnitude of the first column vector of .*o -. .. . As seen in (5) and (6), the receiver correlation is highest when the broadside of the receive array is parallel to the LOS, which also explains the large difference between the largest and second largest eigenvalues for this case. The transmit correlations are almost equal for the two orientations.
Iv. DIRECTIONS OF MULTIPATH COMPONENTS
In order to get a better physical interpretation of the measurement results, and to form a basis for a physical model, we estimate the DOD and the DOA from the channel measurements. The 201 sub-channels measured over 500 MHz are inverse Fourier transformed to yield the impulse response. For each of the resulting time sample the 2D unitary ES-PRIT algorithm [I31 is used to find the corresponding DOD-DOA pairs. The source order i.e. the number of MPC to he estimated for each time sample, is required for the 2D u n i t w ESPRIT. algorithm, and we estimate the source order with the maximum-description-length (MDL) algorithm [13].
A conventional beamformer estimates the power for each DOA and DOD pair.
In Fig. 4 the estimated MPCs down to -25 dB of the LOS component are plotted. The resolution of a linear array is higher in the horesight direction than in the endlire of the array, 
A . Geometrical analysis
The estimated DOAs and DODs give us important insights into the propagation process, and their impact on the capacity. The capacity difference for the two considered array orientations can be explained by the following observations: m Scatterers are placed on the opposite walls of the corridor with the same distance to the receiver array (wc call them mirror scatterers) can not be distinguished with the orientation parallel to the LOS (see Fig. I ). Thus for this orientation, two scatterers placed at the same distance (single bounce) will not result in any additional spacial dimensions of the MlMO channel. The same mirrored scatters can be distinguished with the perpendicular orientation, and will therefore result in an additional channel capacity gain compared to the previous orientation. Channel capacity is highly dependent on the correlation between the receiver antenna elements (when no 'keyholes' are present [14]). The correlation between the elements is determined by the scaner environment and the ability of the array's to distinguish between scatters [4] . Hence, the number of scatters and their distribution (e.g. DOAs) will affect the channel capacity. A linear antenna array has a better angular resolution in directions perpendicular to the broadside of the array than for directions parallel to the broadside. Hence, in our narrow corridor, the perpendicular orientation has in average a larger number of scatters in the "high resolution area", compared to the parallel orientation. This results in a higher number of spatial degrees of freedom and lower correlation ( 5 ) and (6) for the perpendicular case.
V. MODELS The properties of the MIMO cannel can he described both using physical models and using non-physical (slatistical) models. In this section we compare the measured capacity results to capacity calculated by two such models.
A. Physical model
The signal transmitted on a wireless channel propagates along several paths, due to reflections and scattering from physical objects. Each of the K resolvable multipath component (MPC) is delayed in accordance to its excess-delay 71, and weighted with the proper complex amplitude akeJ@e. Additionally, each DOD R T .~ is connected to the corresponding DOA n~, r .
A stationary flat fading double directional channel complex impulse response between transmitter antenna element n at location Q.,, and receiver antenna element rn at location 6,,,,, can be expressed as [8] I< hm.n = h ( n R ; k , nT.1) (7)
where ZR~,,, and ZT,,, are the vectors of the chosen elementposition measured from an arbitrary hut fixed reference point on the corresponding array, and where
a&6 ( 
and X is the wave length. Further, g R ( n R ) and ~(n,) are the antenna element gain responses in the receiver and transmitter. In our measurements we use omnidirectional antennas, thus gR(n,) and *(aT) are equal to 1 for all RK and RT. Due to the small sub-channel bandwidth relative to the coherence bandwidth, the flat fading assumption results in the same excess delay, Q, for all MPCs. Since the channel is stationary the multipath parameters do not depend on the absolute time. The complex MIMO channel matrix for the flat fading channel could then be expressed as Based on this channel matnx we calculate the capacity.
B. Non-physical LOS model
In [ 
where the weighting factor U is the defined as
C. Comparison of model and measuremenf
In Fig. 5 the measured capacities and the expected capacities calculated for the two models are shown: It can seen that the two channel models are able to identify the effect of the horizontal orientation. The agreements with the measured capacities are however not that precise, especially not for the perpendicular orientation. The physical model is highly dependent of the angular estimates and the corresponding power estimates. The performance of the 2D unitary ESPRIT gets worse with the decrease in angular separation between MPCs [13]. Since a major part of the strong MPCs arrives with a small angle separation due to the 'wave-guiding' effect of the corridor we might have a poor angular estimate for some MIMO system was presented, lt has been shown that in a 'wave guiding' e n v i r o m " such as a long comdor with the presence of a strong LOS, a significant difference in capacity is when the linear receiver array orientation is changed from parallel to perpendicular (to the LOS). An independent measurement campain was performed in a subway tunnel [16], presenting similar results. For the comdor under investigation, the .perpendicular receiver array allows additional spatial dimensions of the MIMO channel by distinguishing between those scatters on the opposite walls of the corridor with the same distance to the receiver array. The parallel array would be unable to distinguish between these 'mirrored' scatters and hence capacity gain for this orientation is significantly lower. The complex spatial correlation was estimated and the parallel orientation shows a higher correlation between the receiver antenna elements compared to the perpendicular orientation. [ I S ] K. yU, "Modeling mukipbinput multiple-output radio propagation
